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' DIFFUSION OF LANTHANUM IN MOLTEN URANTUM
| | | Jack’Hévingh o
AIndrgaﬁiﬁ Matérialé'Reséarch Division, Lawrence'BefkeléyuLaboratofy
and Department of Nuclear Engineering, College of Engineering;
University of California, Berkgley, California
| | .v and
'>Mechénicéi Engineéring Debartment; Lawreqcé:Livermore Laboratory
: ABSTRACT:
'vTﬁe'diffuéioﬁ chffiéient'aﬁd_satu;afion conéén#ration of lanthanum
in mqltgh uranium was mEasurédvuéing,a-capillary tgbeltechnique. Acfivated

lanthahum qu-p1aced on top of a uranium ingot in a beryllia capillary

 tube; ‘The capillary tube was heated to 1200°C, held at temperature for

varioﬁs diffusion'times; and cooléd;' The lanthanum concentration was

determined as a function of distance in the uraniun: from the lanthanum

Auranium.interface}by counting the photons emitted by the decay of the

_activated lanthanum.

" The measured diffusion coefficient of lanthanum in molten uranium

iéﬁpears to be at least an order of magnitude less than predidtgd'by theory..

The measured saturation concentration of lanthanum in molten uranium

appears to be several times higher than previouslyireported. Thevhigher '

apparent saturation concentration may be caused by lanthanum seepage into

a gap formed between the uranium ingot and the beryllia capillary tube

during heating.



'1.' INTRODUCTION
Sysﬁemgtic meashreménts.bf the.tranéport properties suéh‘gs thermal
conducﬁivityi vjséosity and diffusivity of simble liquid systémé are
- needed torfurthet ouf4ﬁnderstanding of the liquid state. The interest in
the diffusion éf 1énthanideé in uraniuﬁ_is important in-che melt rgfinipg
of fission pféducﬁs.from u;anium;l since the fission product yield as a
~fungtiohvof mass numbef has a maximu@'at 95 (molybdenum) and 140 (the
‘ 1anthanides}.2 'Sinqe:the ianthaﬁides have high neution capture cross
sections,sthéif removalvis'ﬁapdatory if uranium is fo be recycled and reused
as a tﬁérmal'réactor fuél;_ The meltvrefihing‘process is a pyrometallurgi-
cal method‘of‘rgprbéessing-molfen sﬁent uranium iﬁ‘aﬁ‘oxide'crucible,such
as uraﬁia, girqoﬁia, or;alumina., The"fissibn prodﬁcté tha£ are more
stable thén the QXidé Qsed’are removed.selectivelyAfrom the melt. Elements
- éuch'as‘the‘lanthénides ;eactvwith'the oxide cruCiblg, while elements
such,ésrcgsigm,.iodine énd the rare gases volatize Off. The rate of the
melt refining»process.is dependent in parﬁ on the diffusion c@efficiént
of the lanthanides in the uranium. |
‘fﬁe purpose of this expéfiment'is to meaSuré-the diffusion coefficient
“of lanthanum in molten uranium. Since liqﬁid.lanthanﬁm is partially
-:‘miscible‘in liquid uraniuﬁ‘the diffﬁsion coefficient can be measured»by a
simﬁleycapillafyvtube method.
ﬁecéuse of the high temperatures required (> 1200?C).and the agressive
'attack of most cfuéible materials b& moiten uraniuﬁ, ;gry few transport
propertieswqf molten uranium havé.been §uccessfully measuréd. Smith,l
. using a 7 om diameter capillary tube, mgasured a diffusion coefficieﬁt

S : - o 3
of cerium in molten uranium of 1 x 10 4 cmz/sec at 1200°C. LeBorgne
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triediusing a'modified version of the capillary technique_developed-by
'Kitcheneré tofdetermine the diffusion"COefficient of lanthanum in molten
uranium LeBorgne used a 3. 2 mm diameter capillary tube . and found the
‘diffusion coefficient of lanthanum in molten uranium to be as low as

v4 5 x 10 -7 cm’ /seC' 'Upon sectioning a specimen,.LeBorgne.found large

bubbles in the uranium near the lanthanum—uranium interface. It is
.believed that these bubbles may have caused the very low diffusion
_coefficientsvthat he . measured.__ln essence, this experiment”is a repeat
:of LeBorgne's work, with theieffort devoted to elimination of thev
.bubbles SR o
The diffusion coefficient may be estimated by semitheoretical
‘ methods Castleman and Conti5 have arrived at an equation for the dif-
.fusion coeffic1ents of 1iquid metals as a function of the melting points
ot the metal as ‘ | |
', V'~b.655 Tj/z'dij . _ | - o _
D= - . — o : S o @

where M is the molecular weight of the solvent T is the absolute diffusion
: temperature, Z is a dimensionless force constant, oij is the inter-
molecular separation where the Lennard-Jones potential is zero between

unlike molecules, k is the Boltzmann constant, and €., is the well depth

i}

of the Lennard-Jones potential forlan interaction between unlike particles. -

'The force constant can be determined from .

L= [~(o, /Rj7+z<o /R' .o (@)
- j . n’Rij=Rab



where 0../R’ can be determined from
ij' ab ‘ v
| o 2 \1/2 '
| 12 6 _ A
(oij/Rab) -_(Oij/Rab) = 0.072(TmT ) --0.2§ . 3)

By

Vwitn, T énd Tm ‘the melting points of the solvent and the solute metals,
s
and R_, is the spec1f1c intermoiecular distance for a molecular pair.

ab
Castleman and Cont1 compute the well depth of the Lennard- Jones

potential in terms of the melting point from

k=521 T - @)
and _ .
. 1/2 .
eij = [eii‘ejj] . . o _ (5)
Bird et al.6 give an expression for the intermolecular separation where

the Lennard Jones potential is zero for like molecules as

i, M | o

where p -is the solid density of the metal. The'above equation can be

used to conpute

o,., = %-(o. + 0,.) A ' N

~The diffusion coefficient of lanthanumAin molten_urénium at 1200°C was
found from Eq. (l) to be
| D=2.6x 10-5 emz/sec

Olander and Pasternak7 calculated a diffusion coefficient for
lanthanum in molten uranium ofv1.5 x 16—5 cmz/sec using the Stokes-

Einstein equation. Using the modified rate method Olander and Pasternaks’
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caiéulated_ the diffusion .c:oe_ffi’cient. for lanthan@ in '_molten: uranium as
2.5 x 10—_5. cmz/sec; |

Thus the ‘three dif‘febrenvtv theorefical diffusibn_ nﬁodelé e,stiﬁate ‘the
_ diffusibn_"cdeffici"ent of lant_ha'_num.in molten uranium as. |

1.5 x 10 <D < 2.6 x 107 enm’/sec.

i
1
|
i
|
i
i




I1.. THEORETICAL ANALYSIS

A. Mathematical Model

The statement of'COnservation of matter which describes diffusion

in a long capillary is

2 .
3c _ . d ¢ :
a0 =D Pl | . _ - ®

Equation (8)_assumes a Qne—dimensional system and a constant diffusion
coefficient.

" B. Initial and Boundary Cénditidné

For thé capillary.tube the concentratién of the diffusing medium is
initiaily zeré | | |
o Cx,00 =0 o o BN )
We will aséume that fhe éapilla;y'tube is 1nfiniteiy long which gives'
Clxow,t)> 0 o B (10)
Thé final boundary conditién éséume$ a fixed concentration of the diffusing
‘solute at the lanthanum¥uranium interface
o =c, S ap
In the present case, Co'isjthe-saturation concentration of lanthanum in

uranium.

C. Solution of the Problem -
For diffusion from a cbnstant'sourge into a semi-infinite medium,
the ratio of the diffusing solute concentration at any point x = 0 in a

solvent to that at the interface x = 0 is given byl

L3I erfc (12)

Co 2 Vbt




III. EXPERIMENTAL APPARATUS

- A. Furnace and Diffusion Apparatus
The yacuum system shown in Fig. 1 consists of a roughing pump and
an‘ion.pumptto evacuate a 12 cubic feet’hell jar. The experimental
apparatus is shown in Fig..2. The specimen holder consisting of a
beryllia crucible in a molybdenum holder is similar to that used by
LeBorgne in his diffusion experiments, and the support system-is‘similar
to that used by Finucane tolmeasure the_yiscosity-of‘uranium.ll The water-
_cooled Brew furnace with tungsten‘meshvheating element and heatvshields_
is regulatedTbyla P6werstat connected.to a'3l.5-kva,v60 hertz, 3 phase
.‘transformer with a primary'potential of_480 volts, secondary_potential_.
- of 15 volts. The crucible'holder temperature is_meesured by anvoptieal
pyrometer sighted-through a right anéle»prism into a 3.2 mm diameter hole

‘in the furnace bottom heat shield pack.

~B. Counting.System'

The counting system shown in Fig 3 is used to determine the con-
»centration proflle of the activated lanthanum in the uranium. The
activated«specimen is placed in a lead pig. The position of a specimen
- interface relative to the collimating slit in the pig can.be adjusted
.vertically by turning a screw, and the change in position can'be read
directly on the measuring systemr'_The position of the counting-point
'from the interface can be determined within £ 0.3 millimeter.

The counting system consists of a Harshaw Type 68812 1-1/2 inch
"diameter by 2~ in.-thick thallium activated sodium iodide crystal
optically coupled to a. RCA 6342A multiplier phototube. The signal

from the detector is fed into a'RIDL Model 10-17 preamplifier. The -
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Fig.. 1. Vacuum System.
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Fig. 2. New encapsulation scheme for containing molten activated
lanthanum.
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outbht is amplified by a RIDL Model 30-19 amplifier-discriminator. A
RIDL Model 49-28 scaler connected to a timer is used to read the number

of counts. A RIDL Model 40-9B power supply is used'as a high_voltage

source in>the'coun;ing circuit.” The calibration of the counting system

is discussed in Appendix VII.

c. Counting Procedure

~ The test assembly consisting of the uranium and activated lanthanum
in the beryllia crucible held in a molybdenum crucible holder is placed
in ché lead counting pig. The positive_measuring system is set to zero

:when.the bottom of the molybdenum crucible holder is centered in the

- beam-collimating.slit. The assembly is counted for a set time and then 3

the positidn'is changed in one millimeter steps.  Thus the lanthaqum-140”

activity which-is'proportional to the concentrationldf lanthanum in the
uranium'was obtained és alfunction of distance from the bottom of the

- test assembly.
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IV. EXPERIMENTAL PROCEDURE -

A. Melting Procedure
Seyeral changes in the melting procédures used by LeBorgne were
made for thisiexperiment. The tantaium crucibles used by LeBorgne |
were eiiminated because the molten uranium was found to leak out of them
at temperatures of as low as 1200?C for times as'shérﬁ aé 3 hours. The

leakage mechanism was intergranular diffusion of the molten uranium

‘through the tantalum.

An attempt was made to‘eliminate tﬁe'buﬁbles which formed in the
uranium by vibration Qf.ghe molten uranium, However ﬁhe vibratiﬁn did
notvcoﬁpletelyleliminatevthé bubbles. The bubbles were finally eliminated
by mulgiple melts of each urénium ingot in beryliia cruc;bles, with
qleéning pf the ingotlbefween each melt.
| The as;reéeived uraniﬁm rod was cleaned by clamping the»spegi@en

in a vise and filing until the surface was clean and shiny, - The uranium

was weighed and placed in a beryllia crucible. The distance from the

- mouth of the crucible té the top of the uranium rod was measured.. The

crucible was placed ;into the vacuum furnace and the system was evacuated

~to the 10—6 torr range. The furnace was brought up to 1300°C in slow

steps such thét the préssure in the bell jér did not exceed 5 x 10—5 torr.
Heat up_fequiréd about 3 hours. The crucible was held at about 1300°C
for 3 hours before it.was>cooled down in the vacuum, and the system
brought up to dry nitrogen. | ‘

* The uranium was then removed from the beryliiaférucible, cleaned

and remelted. The number of times the uranium was melted was dependent

- upon the removal of the gasés which caused bubbles in the uranium.
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Bubble formation in the uranium ingot could be determined by the difference
in height of.the uranium in the beryllia crucible‘before and after melting.
The changes in melting procedures and the bubble formation in the

uranium ingots are more fully discussed in Appendix VIII.

B. Diffusion Procedure

' Two'changes were'made in LeBorgne's procedures for the diffusion runs.

4_The first change involved the elimination of the flowing helium during

. diffusion. The helium flow rate could ‘not be maintained at a constant
1e§é1. The fluctuations in flow rate caused large fluctuations in the
:sPecimenitemperature; The diffusion runs were conducted.at a pressure
Ifof about.lO--6 torr. o

The welded capsule used to contain the lanthanum and uranium during
 ‘the diffusion run was also eliminated. blnstead a screw top capsule was

_ usedf This syatem contained the activity of the lanthanum without a
visible oxide coating forming on the uranium-lanthanum interface.

. The "gae free" uranium obtained from the melta descrihed above was
‘icleaned;as before,'weighed and placed in a beryllia crucible which had
‘been haked out at 1300°C for 3 hours at a pressure”of 107> to lO'-6 torr.
The_uranium was held.at 1300°C for 3 hours at a pressure of 10—S to
"lO-é torr and cooled down in the vacuum. The system was hrought up to
dry nitrogen and the uranium,interface measured'to insure no bubbles in
the ingot. The beryllia crucible containing the'uranium ingot was placed
in a élove box flushed with dry nitrogen.

A 0 5 gram piece of 99.9% pure 1anthanum metal was cleaned by filing
| while in the glove box and placed in a polyethylene snap-top irradiation

‘capsule. The sample was irradiated for 30 min.in the U. C. Berkeley TRIGA

[ %
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:treactordto generate approximateiy 20 mCi'of'lanthanumel40 by neutron
capture in lanthanum-139.

| After irradiation the activated 1anthanum slug was returned to the
glove box for opening and placed on the uranium ingot in the beryllia
crucible. This assembly of the beryllla crucible, activated lanthanum
.and uranium ingot was placed in a molybdenum screw cap crucible holder.
The assembly was counted in the lead collimator as a. function of distance
from the bottom of the assembly to estimate the lanthanum—uranium inter-
vface.‘ The counter discrimlnator was set to count only photons with
energies greater than l.4.MeV, -

aThe asSembly was'placed in the vacuum furnace_and the system -

evacuated to the 10 -6 torr range. The furnace was Brought up to the
desired temperature in a manner such that the bell jar preSSure did not
exceed 5 %10 -3 torr.-_To meet this requirement, the elapsed time be-
tween.the_melting of the lanthanum at 926°C andbthe melting of the
uraniumvat'1132°q was about 60 minutes. The assembly was held at 1200°C
_for‘the desired diffusion time at a pressure between 10-5 and'lO_6 torr,
~and cooled in vacuum. _The vacuum system was brought up to dry nitrogen
and the assembly counted as before. - In all cases the elapsed time be-
tween the irradiation of the lanthanum and the diffusion counting was

about'QO_hours, or one half-life of lanthanum-140.

C. Summary of Procedures for Diffusion Runs
A summary of the melt and diffusion run pressures, temperatures,
and times is given in Table I. Run #6 was a failure as the uranium
diffused through the tantalum crucible during thevlanthanum diffusion

run.
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Table I. 'Descriégﬁon of Diffusion Runs -

Run Melti Temperature’ ‘Time at Pressure Crucible® Comments
(°C) : T%:gigature (torr) Bakeout
9 1300 - 180 1x10°6 None. New Uranium and
1 e i eememeeeeeeeaean ey S - vibrated ____ |
' 12 .- 1304 ©o180 o z.2x10° 5 hr e 60 ninutes""
1220* 720t 2.9x10°6  1300°C
1300 180 ? ? . melted by LeBorgne
e e e e 42 in Fig. 49___.
2 15 1320 180 1x10-6 3 hr.e '
1330°C
16 S1320 180 8x10-7 3-hr-@ . 71 minutes*®
© 1200t agot 1x10-6 1310°C : ,
1300 . 180 ? 7. melted by LeBorgne
: . %4 in Fig. 49 .
3 17 1315 180 1.1x10°6 3.25 hr
: € 1205°C
18 1320 1180 8x10°7 3 hre 67 minutes” "
1200+ 480t 1.2x10°6 -~ 1305°C ‘
19 1320 240 1x10-6 None New Uranium
20 1323 180 1x10-6 3 hr e
1323°C
§  meee e cccicccccccaccscnans e
21 1312 -180 , 8x10-7 . 3 hr e © 62 minutes"”
- -] .
1216t 960t 9x10”7 1335°%¢
1300 © 180 ? ? melted by LeBorgne
. 3 in Fig. 49
13 131§ 180 2x10°6 3 hr e
_ 1302°C
13 1320 180 9x10-7 Shre
1305°C
s """"""""‘ """" »"""“. """""""""" _‘f" """"""""""
22 1317 360 sx10°7 - .- remelt of
- ’ ’ ’ melt 14
1323 ‘185 -~ 1.5x10-6 3hr e 60 minutes™"
23 ' 1310°C -
12001 240t 1.1x10-6 S o
24 "1315 180 . 6x10-7 None New Uranium
25 1310 . 181 . 1xyo°6 None . Added scraps
) : of Uranium
6 T
} 26 1310 180 1x10°06 3 hr €
1325
27t 1220 - 23 2x10°6 None 60 minutes™"
. . o 26 Uranium leaked
1200t 240t T 1.3x10 through bottom
. ) " of crucible
* ST SR S
Pressure between 10 to 10 torr

*Diffusion temperature and time
xe ‘ ) )
Time between melting of lanthanum and melting of uranium

"iantalum crucible
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V. ' DATA

A,'R;Q«Diffusion'Counting Profile

* The count rate profile of each sPecimen with the'activated lanthanum
was determlned by counting prior to the diffu31on melts. 'Thelpurpose of |
‘the pre ~diffusion counting was to determlne the uranium- lanthanum inter—
| face position, the length of the activated lanthanum prior to melting, the
effective window width for the counting system, and the effect of scat-
_tering of the 1.6 MeV photons from the source on the measured count rates.
The pre d1ffus1on counting profiles for runs 1 through 6 are shown in

Appendices,I through VI, respectively.

B. Pdst~Diffusion Counting Profiles

After the diffusion run, the counting profile of each specimen was
determined using 10 minute count times at one millimeter intervals along
the length.of the specimen. " The interface.position, post—diffusion
lanthanum length anu the effective nindow width were determined from the
~counting_profile. The post.diffueionAcounting profile for runs 1 through

‘6 are shown in Appendices 1 through VI; respectively.
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VI. .DATA REDUCTION

"A. Estimation of the Effective Counting Window Width, Lanthannm Length

And the Location of the Lanthanum-Uranium Interface.

The activity in the region contalning actlvated lanthanum was plotted
as. a function of position. Since the activity of the lanthanum is much
greater than the'activity»on either side of the lanthanum, the effect of
.the fini;e_Windoﬁ width,vafies linearly from a maximum of the average
.over the lanthanUm'length to effettively zero a_window width away‘from the
highest.and lowest position of the plateau-of the'mamimum average'counts.

over the activated lanthanum. The procedure for estimating the effective

window width and lanthannm length is illustrated in Fig; 4. The length of °

- the lanthanum and the effective window width can.be‘estimated from

L=7 @) o Y ¢
w =3 (a-b) S o 4

where w = effective window nidth
L = lenéth of activated lanthanum
a % distance between.intercepts of straight lines drawn through
points adjacent to_activated lanthanum-extrapolated to zero
bc0unt. | |
b = distance between intereepts of straight lines drawn through

‘,;points adjacent to activated lanthanum extrapolated to

maximum averagevcounts plateau over the lanthanum.

The derivation of equations (13) and (14) is shown in Appendix IX.
The pre—d1ffus1on and post -diffusion curves for estimating the
effective window widths and lanthanum lengths for runs 1 through 6 are

'shown in Appendices I through VI, respectively The position of the




,\-_ Lanthanum
- Piece

Counts

. a — ‘ — :J
| PoSition’of center of window
. XBL729-6924

- Fig. 4. Illustration of procedure to estimate lanthanum length and
effective window width using counting data.
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uranium-lanthanum interface can be estimated by subtracting half the
‘estimated effective window width (w/2) from the position that the lines
drawn through points adjacent to the uranium side of the activated |
lanthanum intercept the maximum average counts plateau over the activated
lanthanum (point A in Fig. 4). This technique for estimating the position
of theruraniumflanthanum interface is illustrated in Fig. 4.’ Note‘that-'
‘the effective window width is assumed to be symmetric.on both sides of |

the activated lanthanum.

~B. Relation Between the Measured Count Rate and

the Lanthanum . Concentration

The relationship between the,volumetric concentration of the lanthanum
invthe‘slice of metal which fills the window slit.in»the shielding pig to
‘the detector and the measured count rate is needed‘to permit Eq. (12)'to he
used to determine‘the diffusion coefficient.v The volumetric concentration
‘and the measured count rate are related by |

= K(A-A A IF L B S 2
where Cis the.molar concentration of lanthanum in uranium, A is'the
measured countvrate atla distance-x in the uranium.measured from the
lanthanumeuranium interface, Ag is the.count rate at x due to scattering
of 1.6 MeV photons from the_activatedvlanthanum by uranium filling the
window, Abkg is the background.count‘rate, F is'the:correction for the‘
non-zero window width; and K 1is the‘counting instrument and geometry
‘constant.

.The scattering correction term AS depends upon the window width w,

the length of the lanthanum rod L, and the distance x. By considering
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-the'attehuation-of gamma rays in the ingot of uranium between tne inter-
face and measurement point, the scattering correction is shown in Appendix

X to be given by

-i% ok e"“ux m[(;{-l/z w+i.):(x+l/2 w)] o 16)

A w2 x+1/2 wtli\x~-1/2 w

Where‘A*_is the count tatebﬁhem lamthanum:cqmpletely fillé the windmwaqd
k' is determined from the pre—diffusion‘data, i.e., before the lanthanum :
is melted The background count rate Abk was subtracted from. the measured
' A and A before applying Eq. (16) to determine k' using the pre-diffusion
*lanthanum 1ength‘and effective slit width. This value of k' is used to
obtain the scattering corfection term in Eq. (15) fdr the post-diffusion'
| count rates from Eq. (16) with the post-diffusion‘ianthanum.lengthzand
effective window ﬁidth. Note that asia reSult‘of the‘melting, the lan-
thanum rod fills the cross section of the capillary with a resultant
decrease imAlength sucﬁ that the post-diffusion lanthanum 1ength is less
thad the pre—diffdsion length. Also the meniscus between:the uranium
and the lanthanum is filled.with lanthenum after the diffusion run re-
sulting in a reduction in the sharp cut-off of the lanthanum slug and
an apparent increase in the effective window width of the post-diffusion
data compared with the pre—diffusion data.

The factor F which corrects for the ncn—zero width of the slit to

the detector system is shown in Appendix XI to be

2P erfc (Pn) | ' ‘ : a7

P(n+l)
j erfec(u)du
P(n-1

F(P,n) =
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where

L v— o a
Dt . s

ne2 | ._ | a9

C.;‘Approximate Determination of the Diffusion Coefficient '

Consicar t&o positions X and xz.in.the post-diffusion uranium..
From Eq. (12)

Clxy,6) : Clxypt)

€ = N = x, - o - (20) -
erfe —— erfc — '
: 2/ ot 2/Dt

From Eq. (15) for the relationship between C and A and Eqs. (18) and (19)A.

for the definitions of P and n, Eq. (20) becomes |

A=Ay A JEE,N) ; (a,-A 52 Abkg)F(P )
erfc(Pnl)- ' » -erfc(Pnz)

- (21)

The measured count rates are corrected for scattering by using Eq. (16)

and the background count rate is subtracted out. With nl and Ny also
known, Eq. (21) is solved numerically for P which gives a preliminary

estimate of the diffus1on coefficient by Eq. (18).

D. Determination of the Solubility of,Lanthannm in Uranium

The solubility of lanthanum in uranium may be determined from the
assumption that the uranium at the interface between the two partially
miscible liquids is saturated with lanthanum. U31ng Eqs. (15) and (20),

Co is given by
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oL Kooy JRE
o _ erfc(Pn) ’

(22)

If the window is flaced so.thét it 1s entirély fiiled By thé iénthaﬁum,
-Eq. (15) becomes-" . |

. % - o ' 4

C' = KA -Au) - @y
where A" is the_measﬁred‘coﬁnt rate under fhese conditiéns“and C*_is
the_molar concéntrétion‘éf puré.léhthanum | |

C* =  _]:,_ : | o (24)

whére-bL and M/ are the density and atomic weight,‘respectiVely,'of
lanthanum. Dividing Eq. (22) by Eq. (23)
Co - (A=A -8y, IF(B,n)

&  (A*-Abkg)erfc(Pn)'

(25)

Let S be the solubility 6f=1ahthanum in liquid ufanium exppessed»asv'
a_weighf.fraction. Then
S/ML' puS

0T B, TH (26)

o

where the density of the lanthénum satﬁrated ﬁranium has been assumed
" equal to that of pure uranium. Substituting Eqs. (24) and (26) into

Eq. (25) énd SOLVing for S'yields

pL. Co
pu C

b (A-Ag=hy IF(B.n)

Pu (A*—Abkg)erfc(Pn)

(27)
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Thus a value of S may be inferred from the diffusion experiments by

utilizing the data from the measured count rates at any distance x.

from the 1anthanum?uranium_interface.

E.. Determination of the Diffusion Coefficient
The diffusion coefficient may be determined graphically using the
'data from a single experiment. Writing Eq. (12) as

*

= erfc.
o 2/bt

8

‘OIO

L _ £
: *
"Co C
B . ‘ _ - . T
and using Eq. (15) for C, Eq. (23) for C and Eq. (26) with the experi-
hentelly determined value of S, the above equation becomes

[A(x)-As(x)-ABkst(P,n) ‘ (DL/Du) . x

* : o = (29
A—Abkg‘ o -5 ) 2/bt

erfc

where'the.preliminary.estimate of D is used to compute_the window correc-

tion factor F(P;n),«and erfcfl(U) = z is the inverse complementary error

~function sucﬁ‘that n
U= erfc(zj . a B o (30)

.The_COméiementery.efror functioe is tabulated in Carsiaw and Jaeger,

AMS 55,;2 or can be eomputed using the metheds of Stegun and-Zucker.?‘3

A plot of»the experiﬁentally determined left hand side of Eq. (29) as a

Vfuhetion of the &ietance xjffom the uranium-lanthenum interface should

give a straight line of slope 2/dt )-1. Since the diffusioe:time t

is known the diffusion coefficient D can be determined.

o
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VII. RESULTS
Thé diffusidn.coéfficignts'énd sélubility'limits of.;anthaqum in
molten uranium as.determined.from runs lAthréugh>5lare shown in Table II.
Also included in‘Iable 11 aré'LeBofgne’s results'fOr the diffuéion'of
lanthanum in ﬁolténlurénium ana Smith's results for tﬁé diffusion of

cerium in molten uranium,

Table II. Diffusion coefficient and solubility
of lanthanum in molten uranium at 1200°C

Run Diffusion .coefficient Solubility Run time

v (cmz/sec) " _weight fraction ~ (min)
1 4.2 x 1077 0.15 720
2 42x100° . 0.050 . 480
3 1.8x10% 0.066 480
& saxawl 1 0.015 960
5 ~ sa2x10® ©0.053 240
| LeBorgne 4ox 107 _ _ o1 1440
s.ox 107 | S 1440

. -. * . —4 . ‘ . : . - i . . )
Smith 1.0 X 107% 0.01 - 26

* I
Cerium in molten uranium
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VIII .. DISCUSSION OF RESULTS

A. Diffusion Coefficient

The experimentally measured diffusion coefficient of lanthanum in
molten uranium decreases with increasing diffusion time to a minimum of

‘approximately 4X10 7-cm /sec after 10 hour diffusion times. As discussed

" in the introduction the semi-theoretically estimated diffusion coefficient

of lanthanum in molten‘uranium rangea between
| A'1 5 xv10'5 <D <2.6 X 107 cm2/sec

i_ at. 1200°C depending on the diffusion model selected. Thus the-measured
diffusion coefficient is roughly two orders of magnitude smaller than that

predicted by theory.

'B. Solubility Limit -

rfThe'experimentally determined_saturation concentration of lanthanum .
in molten uranium is from 2 to»20'times‘1arger than the 0.0081 weight
fraction reported by Haefling'and Daane.14 There.does not appear to be
a trend in the measured saturated concentration with diffusion time.

Two poss1ble explanations exist for the larger measured saturation

concentration than reported by Haefling and Daane and the decrease in
the measured diffusion coefficient with diffusion time. One explanation
is that during the heating for the diffusion run the lanthanum melts and
flows down the gap caused by the difference in thermal expansions between
‘the uranium ingotband the beryllia crucible. Another explanation is |
»that the lanthanum undergoes a chemical reaction with the beryllia
_crucible such that the lanthanum is scavenged from the uranium and stored

in the beryllia crucible as lanthana.
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C. Lanthanum Penetration of the Uraniuﬁ-Be:yllia Gap

iEikenberry andvGraman;s have noted the formation of a gap between'

an uranium ingot end its graphite mold during the solidification of the
uranium. During the cooling of the»pre—diffusion nelt‘of'uraniun in a
heryilia crucible a gap may form at the uranium-crucible interface. This
gep'may allow seepage_ofvthe activated lanthanum between the solid uranium
ingot'end the crucible during the.statt—up of the diffusion run since the
‘rnelting point of lanthenum is roughly'200°C.1ess than thet of thevuraniun.
To prevent cyerloading_the vacuum pump, approximatelyVOne hour was re-
quired to taise the temperature of the specimen from the melting point of
lanthanum (926 C) to the melting point of uranium (1132° C) During this
‘time seepage of the molten lanthanum into the uranlum-beryllia gap . could
occur, |

| If the actlvated lanthanum is frozen'into the gap during the cool-
down of the diffusion run, the countiné apparatus will measure the lantha—
num actiuity in the gap w1th the result that the concentration of ianthanum
in the uranium is apparently larger tham actually exists. From Appendix XII
the maximum probable gap width is approximately 0. 07 millimeters which can
vresult in an apparent saturatlon concentration of roughly twice that
measured by Haefling and Daane.

Now assuming there is a gap effect the low density lanthanum may
-tiSe to the surfacevof thevhigher density uranium when the latter is
liquified. Assuming that the lanthanum behaves’es spherical balls in an
infinite medium such as boundary leyer effects along the crucible are
'negligibie, the time required forhthe lanthanum balls to float‘to the

uranium surface is given by
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= 949%225' eeconds _ L ' (31)
r _ .

where x is the distance of the lanthanum below the surface'andlr'ls the -
radius of the volume of the lanthanum. The terminal velocity Of the
volume is | R | v
5”42.6'r2,cm/sec . , o _ ‘..~ (32)

Fnr theidiffusien runs the ninimum velocity for all the-lanthanum tovrise:.-
to the surface from the bottom of the'ingot is shownaln Table III. Note
s that for-velocities greater than 4 millimeters per heur the gap,effeet'
should disappear for all the rums assuming no diffusion of the lanthanum
in the gap into the uranium and no reaction of the lanthanum with the
beryllia crucible.

From ﬁq. (32), the raeius required for the lanthanum volume tovacquire
a velocity greater than 4. 0 millimeters per hour is roughly 0.016 millimeter,
which is roughly 25% of the maximum probable gap width. Thus for a maxi-
:mum probably gap the hydrodynamic flow should sweep the lanthanum from the
bigap such that no gap effect is apparent. However,’assume that the 0.07
mlllimeter gap can behave as an 1nfinite source of 1anthanum for diffusion
’ radially into the molten uranium,‘the time required to achieve an average
concentration of lanthanum in a 3.l8 millimeter diameter slug of molten

uranium of 50% of the saturated concentration is

t= Q;Q%li secnnds

where D is the diffusion coefficient in square centimeters per second.

For

1074 <p <107’ emz/sec
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Table III. 'Uranium”iﬁgot length and diffusion run time
I for diffusion runs 1 through 5 ‘

Run o ~~Ingot length ‘Run time - Ingot length
: S ‘ Diffusion time
(mm) - (hours) " (mm/hr)
1 35 12 2.92
2 200 8 . 2.50
3 20 8 2,50
4 3% 16 . 1.88

5 15 . IR S W £
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“then

15 second < t < 4 hours

Thué?;for_é gap of the sige computed. above fhe diffusionvpf lanthanum
radia;ly from £he gap into the uranium could affect the results of the
experimenﬁvevén if the remaihdervof the laﬁthanum had'fioatéd to the top
~ of the iﬁgot;

Infsuﬁmary, the effect of a gap'betwegn-the befyliia_éfuciblé;and‘
- the uraniumvingot on the expé;imgntal results may be to increése.:he
apparentvsaturation’concéntration of the lanthanum in thé molten uranium
at the upper surface of thevurﬁnium ingot if all éf ;he lanthanum has not
floétédvto the top of the mélt.' If the lanthanum has floated ﬁo the sur-
face of thevmelt, but the time requiréd'fdr.the hydrddyﬁamic movemeﬁt ﬁas
long sﬁch that diffusiqn of the lanthanum from thé gap radially into-tﬁe
uranium meit could occur; the apparent diffusion coeffiéient measured

would be larger,_hot'smaller than the actual diffusion coefficient.

D. Reaction Between Lanthanum and Beryllia

- Consider the chemical réaction

4 1a + 2Be0 » %'La

3 0, + 2Be

273

|  »From Appendix XIII if the above reaction takes place between the beryllia
crucible and the lahthgnum,-the lanthanum is not stable iﬁ solution in
the uranium. Pulliam and I:‘:L't:zs-:i.mmons]“v6 havé,observed the reduction of

. beryllia by lanthanum at 1200°C. From Appendix XIV  the amount of
lanthanum which diffuses.into ;he beryllia cruciBie i; small for times

on the order of the diffusion run times, and the penetration distance of

the lanthanum into the beryllia is short compared with the inner radius of

the beryllia crucible.
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Because'the gmouﬁt of lanfhanﬁm‘which diffuses into the beryllia
c?ucible‘is sﬁail, this mechanism is p?obébly not;;esponsible.for'the
apparent increaSeiﬁ‘the saturation.cbncentration of lanthapum in molten
ufanium meésufed 6ver that ;eported by Haefling'and'baané. Also, since
the diffuéion coeffiéieﬁt of 1anthanqmﬂiﬁto thé beryiiia crucible is much
less than that of laﬁthanuﬁ through the molteh uranium, the bulk of the
transporf will occur tﬂrdugh.the uraﬁiﬁm; Thus the”apparenF low diffusion .
éoefficient of lanthanum in mqltenvuranium 13 not gaused-by scavenging

of the lénthénum from the uranium by the beryllia grﬁciblé.

The net effecf of both thé gap and thg reactién of the lanthanum
with the beryllia crucible m;y be to increase_ﬁhe.appéreqt saturation
ééncentfation of'lantﬂanum in ﬁolten uranium. However the size of the
apparent increase cannog be acébuntgd for by the two mechanisms even if
they are acting in accord. - The‘effect of .the fWO_meChanisms on the dif-

- fusion cpefficient maykbe compensétory, although tﬁe gap efféct which
woﬁld tend to incrgase the apparent diffusion coeffiéient appears to be
more pbwerful_than the effécf of the reaction of the.lanﬁhanum with the
beryllia crﬁcible. | |

- There.is a trend‘thét the magnitude of the diffusion coefficient
-given in Tab;evII increases with a décrease in rqn time, The run with
the shortest diffusion timé (Run #5) gave the largest aiffusion coefficient
while the fun with the longest diffusion time (Ruq #45 gave the lowest

,vdiffusion coefficient.
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IX .. RECOMMENDED CHANGES IN THE EXPERIMENTAL
PROCEDURE FOR DETERMINING THE DIFFUSION
OF LANTHANUM IN MOLTEN URANIUM

Two changes should be investigated in the experimental procedure for
determining tbe diffusion of lanthanum iﬁ molten ufaniuﬁ.' The first ehange
involves the crucible material, while the second chenge involves the
counting-and-melting technique‘

_Tungsten.should.be.investigated as a crucible material for molten
uraniuﬁ. .The use of.tungsten would reduce the gap effeet,_and elimihete
the pOSSibillty of a lanthanum-beryllia reaction. The entire erucible
could be made from tungsten, or.else a tungsten liner could be placed in
'Abthe beryllia_crucibletv McIntosh and Bagley»? report that the penetration |
bf é tungsten crucible was 0;005 inch after 9 hoers’at'l300°C, and nil
after 8 hours at: 1250°cC.

The gap effect in a beryllia crucible can be eliminated by dropping
.. the 1anthanum pellet on the uranium after the uranium has melted. This
can be aceomplished by supporting'the lantﬁanum on a tantalum wire above
- the uranium at ‘a dietance such that the lanthanum temperature is less thah,
say, 600°C, and pulling the wire through a vacuum seal_after the uranium
melts. This technque deesvnotvellow.the use of gaﬁma counting to deter-
tmine the pre-diffusion lanthanum intetfaeef

A modification of the technique used for this experiment is to place
‘the lead gamma shielding inside the vacuum vessel and measure the con-
~centration of lanthanum at a fixed point above the base of the crucible as
~a function of time. This technique has.the advantage that the counting

data>is taken during the diffusion run, resulting in higher count rates

because of the reduced decay time of the activated lanthanum. The
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‘iénthahumeuranium interface position Cén be détermined-by moving the
..crucible.vgrtically'Qith fespect to'the‘couqting positién by suspending
the crﬁcible'holder_on a wire aftaéhed to a micrometer'vaéuu@ feédthrough.

The.diffpsipn ;oeffiéient obtained by céuﬂtiﬂg thé activafed lantha-:
9umvat a giveﬁvﬁosition_as a:fﬁnction éf time during'ché‘diffqgiéﬁ run
should.be_checked against.that obtained from a post;diffusion couﬁﬁipg
profile of the'specimén AS-deséribed in the_Daﬁa séc;ion qf this report.
.Aiso.a post—diffusion profile of thevlanthanum concent;ation'as a funé;ion
of positién should'bé checkéd using an electron micréérobevwhen the

activity of the lanthanum has decreased to a reasonable level.
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X. CONCLUSIONS

These experiments support LeBorgne's conclusion that the diffusion

'coefficienthof lanthanum in molten uraniun is much lower than that pre-

dicted‘by theory. This low diffusion coefficient and the measured
viscosity of uranium by Finucane11 greater than that predicted by theory

indicatespthat’the models used successfully for computing transport

' properties of many materials are not appropriate for computing the trans-

. port properties of the actinide metals.‘

The results of this experiment indicate that the saturated concen-

tration of lanthanum in molten uranium may be several’ times higher than
’ that measured by Haefling and Daane. However this higher saturation

concentration may be caused by a gap forming between the uranium ingot

and. the beryllia crucible during heating, and the lanthanum seeping into

. the gap. Using tungsten crucibles and/or dropping the lanthanum slug on

- the‘molten uranium will eliminate the effects of a gap forming during

heating In situ counting may eliminate any problems associated with the
effect of freezing the uranium on the lanthanum distribution in the 1ngot.

Finally, tantalum-is not a satisfactory crucible for containing

» uraniumjat 1200°cC. - Diffusion of the molten uranium occurs through rather

" large thicknesses of tantalum in tens of minutes at 1200°C.
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- APPENDIX I
_'Diffusion Run 1
_ Diffusioh Time ‘” ; 12 hours
_Diffusioﬁ-Température ' - 1220°C ¢
,H Pre-Diffusion Interface - . ) 46.2 mm
_?ost—Difquion“Interfgce - | 43;2 mm
Pre;Diffusion Lénthanum Length iv‘ _ ‘, ~10.7 mn
Poéthiffusion Lahthapum:Length : . 4.8 mn
P:e—ﬁiffusionVWindow ﬁidth | o o 2.7 mm
Pbgﬁ-Diffusion Window Width o .__ |  v':4.2‘m@
: kesults: _
i Solubility (weight fraction) o 0;15
 Diffusibn Céeffigieht-v : - 4;2X10’7'cﬁ2/sec'

Note: Précbunt:Curve corrected for 1.7 mm air gap be;weenvlahthanum and

uranium surface.
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APPENDIX II
Diffusion‘Ruﬁ 2 |
Diffusion Time
Diffusion'Temperature
Pre-Diffusion_interface
Post-Diffusion Ihterface‘f
Pre-Diffusion Lanthanum Léngth
Post-Diffusion Lanthanuﬁ Length
,Pre-Diffusiqn_Window Width

Post-Diffusion Window Width

- 'Results:
Solubility (weight fraction)

Diffusidn Coefficient

!

)

8 hours
--1200°C
‘ 28.1 mm

27.9 m

B

10.5
5.2

3.8

B B B

3.9

0.050°

4.?X10-§ cmzlsec'
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APPENDIX III

Diff#sion Run 3

.fb-'Diffpsion_Timér
Diffusion Téméerétu:e'
Pre;Difquion Intérfacé
'Post—Diffdsion Iﬁte;faéé
Pre—Diffusipn‘Lanthandm LengthrJ

- Pos;eDifoéion Lanﬁhanum_Lehgth '

Pre-Diffusion Window width |

PoSﬁfDiffusion Window Width

Results:
.. Solubility‘(weight fraction)

" Diffusion Coefficient

1.8X10”

ISvhéurs
10

26.9 m

_'27;6:mﬁ”

11.0

8

5.2

2.7

BB B

| ~.3.9

0.066

cm?/sec

. ,




'COUNTS IN 2 MINUTES

:IOL:  '_ L 3 ]-‘

vy 5 Y . iy o )
[ R Y t,_,;' 1,3 . L\‘, 7;.1; - ) N

-51-

1 1 |

o N ‘oc_qu‘b%o

T runnl

B

10 |
- o

T

o
i
o

HOAH
(Lo I
rOL
: +OH

WO T T
HOA
S~ HOA -
} HOH ‘
rOA

T

W6 TBe0  Uronum [ o 1

B o

|

Void

L1 aal

1

Lgatd

1

|

o 10 20 30
- POSITION, mm

40

- .50 60

© XBL729- 6939

Fig. 19. 'Pregdiffﬁsidn couhf‘data‘for_Run 3.



COUNTS x1073

60 | T 1 T T

=52-

50

40

(O
O

.J o "~ I : : | ..‘ r‘—“B.O
249 . 26 28 J3O‘ 32 34 36 38 40
: ' POSITION, mm '

XBL729-6940

Fig. 20. Estimate of effective window width and lanthanum length
using pre-diffusion count data for Run 3.




Fig.

3
A
L
&
5
L
AS
L,
P

-53- .

Ll

1

12 16 20 24

DISTANCE, mm =

4 . 8

XBL729-694lI

Scattering'dorrection normalized to maximum count rate
of pure lanthanum from'pre—diffusion'count data for
Run 3..

21.



IN 10 MINUTES

'COUNTS

54—

T T 177

T

TT AIKTl.ll,l

1

"‘l‘lllll<

1 I“lll‘l

T01

101
O
%
&
a
Q
1

| ! 1 ! | ! 1 v | ! L
[ Mo [Beo]. . uranium | Lo | void

o
Ll

1

O -
o .
o
(o] —
o -
o : -

O
|

Lol

S SR SRS RN R TR Y SR R S

Yig.

o 10 - 20 - 30 40 50
POSITION, mm

XBL729-6942

22. Post-diffusion count data for Run 3.




G Wolod 8 PR, “5
-55=
223 - T T T ] I 1 |
L o J
20} ) ]
, L+W=OI5
gk L-w=125_ —
: - W.=395
| L =520 °
16} ]
14 .
v |
O 12} —
. »
m .
-
% .
O IO ]
(&)
8- -
6'—' ——
a4k —
2r e S . | Ao 7]
o -3;95—»1' . 1-— 395 —
0 [ I 11 1 [ 9 o

22 24 26 28 30 32 34 36 38
- S ~ POSITION, mm |
| XBL729-6943

Fig. 23. Estimate of effective window with a. lanthanum lengzth
using post-diffusion count data for Run- 3.



C/Co

-56-

o

Fis

2

2 q 6 :
' - DISTANCE,mm

8

10

12 14 16

 XBL729-6944

24, Normalized concentration as a function of distance from

interface for Run 3.




© Fig. 25.

S TN
_57;0
L2 l T BE T l
2.0 -
.l.8-v—'. 1
1.6 ~
L2 b —
e
T -
o I.O-v-».‘ ' e B
’ClS'—' |
06 —
' 0.4&- —
0.2+ ]
0 ST TS NN MR d L
0 "o 4 6 8 10 12 14 16
' DSTANCE,mm : :
| | - XBL729-6945

iaverse complementary error function of the concentration

“ratio as a function of count position for Run 3.



. -58-

" APPENDIX 1

 ',Diffusion>Ruﬁ |
Diffus:i:c;n‘i Time R ) o __lf'_sif’ﬁourisA
ﬁiffusion{fempérégqfe' B _”_ 1 L ,; 121§°C

3 Prejﬁifquipn inférfac;; - o | _ '35.4 ﬁ@
Pést?piffﬁsibn:intgffage‘ | ..j - 3?}2.mm *
'Pre—Diffuéiqn Lénthgnum-Lgngthv . > ' '71i0.9_mﬁ

| Post;Diffusibn Lanthaﬁum Length e f '-5,5

Pre-Diffusion Window Wwidth v , ,‘3‘8

ER

 ,Posteﬁiffusion Window Width'-fiv_'._ o : L 3.9,

\Resulﬁéi
Solubility (weight fraction) ~  ~  0.015
| S o

Diffuéion‘Coefficient f ‘  ff - : 5}1X;0‘ rcmzlseé.

Note: ‘- Precount curve cbrreﬁted for 2.4 mm.ait,gap BétWeen lanthanum and

uranium.
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. . APPENDIX V
 Diffusion Run 5 o
- Diffusion Time
Diffusion’Teﬁperature:
Pré—Diffusion Interface
'-Post—Diffusién Interféce : 
:Pre-bifoSioﬁ,Laﬁthanum Length
_Bost—Diffusion Lanthahum Length
. PréfDifquion Window Width

- Post-Diffusion Window Width

Results: -
édiubility (weight‘fracﬁioh)‘

Diffuéion Coefficient

_4;hours
1200°C
22;9'gm |

'.-22,7 mm
11:6 mm-:
Csom

36m

4.5 m

£ 0.053

6

8.2X10" cmzlsgc
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‘APPENDIX Vi
:Diffusi§n khp:6 |
- v Diffﬁsién.Time
 Diffusion iemperat#re' ’
Pre—ﬁiffusioh'lnterface
'Posﬁ—Diffuéién'Interface
Pré—Difquipﬁ Lanthanum Length'
v Pbst—DiffusioﬁvLanthanﬁm Leng:h.
?refDiffu31on Window Width

’_Post-Diffusion-Win&ow Width

4 hdﬁrs

- 1200°C |
22.7 m
9.9 m
‘10.8 mm

v 6.1 mm

.3,8'mm

va."3_._7,,mm

Results: Loss of uranium through tantalum crucible
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: APPEND'IX VII

V ‘coqnfing System Calibration

"The'couﬁting:SYStem wee:caiibrated byISuihgvSOutces with known gamma
h energies;rend determinihg the cutoff'point of the‘photdpeak bybexamining
the count rate of the source as a function of diSCriminatbr setting for
several"ihput volteges to:the hfeahplifier and several amplifier gain
settihgsf Ihe:sohrcee.used Qere ceeium 137 (0.663vMeV) and cobalt 60
(1.17 MeV. and i 33 Mer" The voltage across the dynodes of the photo—
vmultpller tube was. 800 volts and an ampllfier gain of 170 were selected
for thexeount;ng of the activated‘lanthahum. The counts of the(CslB?b
_vand.Co60 soereeé as.e function of the‘discriminatorheetting are shown_in
'“Fig..44.e ?he system calibration-eﬁrve wasvderived.ftom.Fig. 44 by‘plbtting
v-the_disetimihator'Setting which cut off the photbpeak of each of the-known
gamma energies. - The system calibration curve_ie,shown'in Fig. 45. A
'discriminator setting-of‘0.625 which cut off the energies belbw_the
photopeak of the lanthanum 140 (~1 4 MeV) | was‘detefmined from Fig. 45.

The countlng system was set to a preampllfier 1nput of 800 volts,
ah'ampllfler gain of l70;-and a dlsctimlnator.settlng of 625 for the

determination of the lanthanum profile_in the uranium.
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APPENDIX VIII

Procedural Cha_ges) Early Test Runs and Results ’

‘Procedural:Changes During Research

'i'fseveral'proceduralvchanges:were‘initiated'OVer.the'period’covered by'
5'the research The initial method of bringing the evacuated system to
"atmospheric pressure was to introduce a helium—4£ hydrogen gas mixture B - .
‘1nto the system.'.The helium outgassing overloads the ion pump during |
large step changes in the system temperature .80 dry nitrogen was used to
, bring the evacuated system to atmospheric pressure._ This change in back—
fill gas reduced the time required to raise the specimen temperature from :
20° to 1300 C from 7 hours to 4 hours ‘without exceeding 10 s torr pressure.

During the diffusion run LeBorgne used approximately 8 cubic feet per f
hour of the helium-47 hydrogen gas mixture into the system to reduce thermaln
' gradients along the system. A problem encountered using this technique _
-was maintaining a constant flow rate such that the specimen temperature
'hremained constantt “A simple thermodynamicvanalysis'indicates that‘the
‘maximum temperature gradient in the crucible is of-the same Size in an
_evacuated system as was measured by LeBorgnevin a flowing gas system.gl

A new encapsulation procedure was developed for containing activatedL
lanthanumaduringathe uranium diffusion experiments.1? The old encapsula—iﬂsi:; .
tion'procedure.used'by LeBorgne involved'electron beam welding either thel
crucible or the crucible holder closed with the 20 millicuries of activated ' f.hi.i:
ﬂ“.lanthanum placed on top of the uranium ingot.' This procedure required . |

about one—half life of the activated lanthanum before the diffusion ex- o

.periment, with a concomitant loss of:counting precision.,
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" The new encapsulation procedure involves the~use of a capfthreaded
to the top uf the_molybdenum crucible holder. This capped portion of the
crucible holder extends out of the furnace into the cbol porticn of the
_ vacuum'chamber;. ‘The threaded cap is at a temperature (~700°C) which' is
well below the melting point of the lanthanum (926° C) such that the
lanthanum vapor from the sample condenses on the cool ‘walls of the crucible
hqlder and does not escape into the test facility.

‘de dry runsbwere performed using the new encapsulation technique.
The first run consisted of holding unirradiated lanthanum at 1200°C and
2Xl0 -6 torr for 3 hours with no observed loss of lanthanum The second
run,consisted of heating slightly activated lanthandm (5 millicuries) to
" the same temperature and pressure as the previous run. A swipe was taken
1n the region of the cap threads, the furnace 1id and the crucible holder.
No.activ1ty was detected on any of the swipes. "Thus the screw. cap en-
capsulation is regarded as a sealed source. Run #11 used the screw cap
method of encapsulation of activated lanthanum for a time of 980 minutes
.at a temperature of 1185°C and a pressure of 1.1)(10-6 torr with no re-
_ 1ease of activated lanthanum as determined by swipes. All runs with the
screw cap encapsulatlon are swipe checked before and after heating ‘the
activated lanthanum in the furnace for contamination greater than two
times background level. | |

The early runs used a vibrator:fastened.to the support plate, and

connected to the molybdenum specimen holder by a stainless rod which is
pinned to a tantalum rod pinned to the specimen helder. . The vibrator
operates at a frequency of 120 hertz with an amplitude which can be varied

with a 1000 ohm, 25 watt reostat. A preliminary vibrational analysis of
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the'systeﬁ indicates the natural freqﬁeucy of thevsupport syétgm.is_about‘
320 Hertz. |

Théipurpésé 6f-the yibratér was to eliminate bubbles in the uranium
| ingﬁtvby for¢ing the bubbles to move upwards throughi;ﬁe moiten uranium
withouﬁ coé;éscihg to férm'a large bub#le that wo@idiimpede diffusion of
lénthanumvin the ﬁranium. Hdwéver when the tantalum was found t§'be in-
adequate as a container for molteh_urénium, and thaﬁ even with vibration
bubbles would form in the first meltvof the uranium in a béryllia cfucible
(Run #9), #ibratiqn was eliminated ruring the uranium ﬁelts.~

Early Test Runs and Results

.-A summary of ihe early‘teSt runs is shown in“iable IV. There were
only small séhericgl bubbles foﬁhdvin each of the uraﬁium ingots after
melting rangiﬁg in size'from a pinpoint to the order of 0.25 mm in:diameger.
In all cases, except as note&, less ;han 15 bubbles were observed‘undér
‘g magnifiéation of”3OX. The'bubble-size.and quan;ity.was independent of
the.aﬁbunt of vibratipn during the'mel;,'and indepe#&enﬁ of the surface
treatment of the uranium. vLérgé separations were'obsefved in runs #8 ahd
#9, as shoﬁn,iﬁ‘Figs. 46-and 47.- An inﬁeresting bubblé forﬁaﬁion was
._fquﬁd in run #3 which is shown in Fig.l48.. Figurev49 shows radiOgréphs
of four specimens ﬁelted in beryliia_c;uéibles fof three hours at 1300°C
- by LeBorgne.?O’zl
| In all of ﬁﬁe rqﬁs; uraniuﬁ'was lbsﬁ either by;diffﬁsion through thev
weld region and the wails of fhe tantaium crucibles, or by flow over the

top ofvthe crucibles.  Several apérogches were made to isolate the cause

of the uranium loss. The'first_901ut10n was to eliminate vibration as a

cause of overflow (run #4), which was unsuccessful. The second solution

L
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Fig. 47, 'Skefchﬁqf uranium melted in a Beryllia
crucible using vibration (Run #9).



" Uranium -

88~

| Interface

N\

:
% \

\ i

.

XBL729-6967

. »Fig.,48;' Sketch of buBble formed in Run 3 as seen

through a microscope at 30%,




C2NRY BRI B R O S ¢

-89-

l)IlllII|IIIH'IHI|IHIIHII'
2 13 14

!

!Illlllli[!lllillll
11

] Q01

e
T
o)

LA L

|

e

i
7 w8

[~
:qulml'rl'
NTHOLMAS!

" 6

5!

Inlxln
sTanncrY,

e

A

i
p

nm3l

PITETET

2

I

1

Specimen Specimen

. Specimen
i3 #1 Specimen

#2 #4

nm

alnbtndinulstodibddndidwdnbodwd oo bl

s

XBL 711-39

.Fig. 49. Radiographs of uranium melted ih'beryllia‘
crucibles by Le Borgne. -
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was to weid'é caé.on the crucible, which prevehted overflow,'but a’ioss
of uranium by diffuéion,through the weld occurred (run #5).

The third atﬁempt at solving the'loés of uranium by diffusioq waé to
uée_deep bored, méchinedAtantalum crucibies with a welded éap without vibra-
tion. This attempt (run #8) was also a failure as evidence of diffusion
at the bottom of>the tube was easily ob;erved. Since ;he gaséous impuritieé

in the uranium may cause the overflow of the uranium, and since the dif-

fusion_of uranium through the tantalum was thought'tb be strongly tempera-

ture dependent, a remelt (run #10) of uranium melted at 1300°C in a beryllia .

| crucible by LeBorgne (specimen #1 in Fig. 49) was tried in a machined tan-
talum crucible at_1250°C. This run was also a failure in that the pre-
ﬁelted uranium &iffused through thg tantéluﬁ crucible. A final uranium
run was at;empted in a tantalum crucible whicﬁ was not baked out. This
run (run #11) wés melted at 1200°C for the short time of 45 minutes, .and
no leakage_or.diffﬁsion was observed. However, oh a}reﬁeit at 1185°C for
16'hoﬁrs with acti&ated lanthanum, evidenée from aAcoﬁnting experiment

indicated that the uranium overflowed the téntalum crucible.

Bubble Formation in Uranium Ingots
| Sinée é key to thg successful measurement of fﬁe’diffusion of lanthé—ll
num in molten qragium isvthe elimination_of bubbles, the formation.of the
v:bubbles isiof interest. LeBorgne.observed,a rise in the surface of the
driginal uranium melt caused by bubbles in the uranium of betweén 3 and
4-centimeters_using a 3.2 mm diameter beryllium crucible. If the gas
which:caused the bubbles wasyinitiallylan impurityvin the uraniuﬁ,.a

simple fluid s;atics analysis will give an order of magnitude estimate

of the concentration of the gas in the uranium as function of the gas«
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Bfiefiy.this anaiysis gives”a gas concentration of:
¢ = = X 107°
._ﬁﬁere Ly 1is the bubble height, T is thé_ufgnium tgmpérature and R:is'th;
gas constant. The condentfatiOn of.gas impurity for several specific
gaées which could cause a 3.5 cm bubble in the melted'ﬁraniﬁm is shown in
Téble V. The increasé in bé11 jaf pressufe assuming the gas is suddenly
rglgased from thé Qranium and_rapidly_cooled'to 100°C is about 2>(10“5 torr.
Since a loﬁ concentration of gaseous impuritigs can create a rather
,lafge bubbig,‘the concentration of hydrogéh, nitrogen and oxygen impﬁrities
vin £he uraﬁium ﬁere deterﬁined uéing a vacuum fusioh méthod. Briefly,
ﬁhé'uranium specimen is cleaned_ﬁsing'an argon épﬁttering process. The
éleaned uranium sample.ié ﬁlaced in a molten platinum bath in a graphite
crucible at 1900°C. .Ihe hydrogéﬁ, nitrogen.and oxygén impurities are
’released as free hyafogen and ﬁitrogen ana cafbon monoxide respectively.
TheAconcentrgtion'of thé-reléaéed gases are analyzed by a mass spectrom-
eter, and the.inifial concentration of the impurities in the uranium is
determined with a PDP‘7 computef. Thelvacuum»fasioﬁ analyéis was perfdrmed
by Jf Fisher of LLL Livermqfe:td‘determine the amouﬁt.of nitrogen, oxygen
and hydrogén diséolved in the uranium. .The>results éf this analysis are
given in Table V.22 | | | .
’A For the dissolvéd gés Concentiations‘méasureq;5y Fisher,‘thé estimated -
'bﬁbble.heighf in a 3.2 millimetef diameter tube ié approximately 10 cm.
The iength of:the.uranium.speciﬁens is approximately 5 cm and the length
of the tantalum érucibles is about 10 cm. :Thué a sudden release of the

_dissolvéd gases in the'uranium may cause the uranium to overflow the

crucible.
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Table V. Measured gas impurities in uranium and the amount of the.
1mpur1ties required to .cause a 3 5 cm bubble in a 0.32 cm diameter tube

Gas A  Measured Concentration Required Concentration
. (ppm) ‘ (ppm)
R . H&drog_en. - C 0.10 _. - 0.53
Héiium., ; S R 1.1
N_iti:oge_zi_ o S 12. | L T4
oxy_gen. _ _. o - o 9.0 | : - e

: Xénon ., - : | [— B 3.
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" Tantalum as a Container for Molten Uranium

The loss of uranium in tantalum crucible_hasubeen the major problem
area invthese diffusion experimente;v As noted earliér; some of the
' uranium loss_can be attributec.to-the overflow_of.che molten uranium
from the crucible. LeBorgne did not have the overflow problem because
he used longer crucibles than currently used. quever, there is evidence'
that the uranium also diffused through the tantalum especially in weld
,regious._ J. M. Johnson of.LRb-Livermcre ran an electron beam microprobe
analysis on the welded tentalum crucible used in run ##4 described in
eTab;e IV. -Johnson found'that the concentratiou profile aﬁdix—raybimages
inuicace ufanium*cantalum diffusiou as well as ufanium‘grain boundary
attack of‘the tantalum tube.23’

LeBorgne used tantalum crucibles to hold molten uranium under vir-
tually 1dentical conditions as the rums described above, except for the
use of vibratiom to eliminate bubbles. LeBorgne did not lose gross
amounts of uranium in his experiments, and concluded_that tantalum was a
bsetisfactoryrcrucible material; Am after-the—fact visual examination of
LeBorgnefs‘teet specimen indicates.some diffusicn of the uranium through
bche tantalum. LeBorgne's'crucibles were from a diffefent batcheof
'tantalum.tham the crucibies used-in the above experiments,‘and the ecid'
cleaning procedure ofvthe current crucibles may‘beve beem different than
chosebuSed by LeBorgne.

Finucane and Smith used tantalum crucibies.to contain molten uranium.
Finucane's maximum experimental temperatures of the'uranium in a tantalum

'crucible was 1228°C with a test time of minutes. Smith used tantalum

crucibles to contain uranium at a temperature of 1480°C for a time of
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140 minutes.. Neither Finucane nor Smith renorted'problems containing
the uranium in a tantalum crucible.

Other experimenters have had difficulty containing molten uranium
with tantalum McIntoah and Bagley reported.that tantalum diasolves_'b
Aslole in uranium at all temperatures up to 1300°C, and its upner limit
as a container material occurs in the.region of l450°C They report that
_ tantalum becomes permeable to 1iquid uranium as a result of intergranular
- diffusion between 1200 and 1250°C. McIntosh,and Bagley report a penetra-

”tion of 10 mils of tantalum by uraniugm at 1300°C in.éO'minutes, 30 mils-

at 1335°C in 90 minutes, 10 mils at 1300°C in 9 hours, and 5 mils at

‘V12259Ciin.4 hours. Wilkinson cites work by Blumenthal where the inter-
granular corrosion ofltantalum by uranium penetrated a 15 mil wall at

1200 C in less. than six hours 24,25 Note that in the current diffusion

experiments the penetration is 60 nils at 1200 C in 3 hours. Schramm et al.

report that molten uranium attacks tantalum crucibleS<intergranularly s0

,vigorouslyveven at temperatures only 100-200°C above the uranium melting

ApOint'thaﬁ"uranium melts drained through the cruciblee in a Short time.
Ihe:excesaiue diffusion of-thelgranium in the»ignthanum-uranium ex-

~ periments through the tantalum was initially attributed to temperatures

26

higher than read out on the alumel-chromel thermocouple. The temperatures -

were checked with an optiéal pyrometer and found to be in the same:region.
as determined by the thermocouple Also the effect-of the 3 hour bakeout

at 1300 C of the tantalum crucible was suspect because of the grain growth
associated'with the bakeout, which is above the recrystallization tempera-
ture of tantalum. .However,_the bakeout was eliminated in run #10 and

diffusion of the uranium through the,tantalum still occurred.
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'Thué,'based'oﬁ the above evidence, the loss of uranium by overflowing

the tantalum crucible is much greater than the loss by diffusion. The

péucity of information on the variables that influence the diffusion of

tantalum by molten uranium is sufficient reason to reject the use of

tantalum crucibles to-contain molten uranium.



=96~

" APPENDIX IX

. Derivation of Equations for Estimating the.EffectiVe

Counting Window width and Lanthanum'Length

rConSider-a counting profile as shown in Fig. 4, where the count rate

| is plotted as a function ofvthe location of the center of the counting win-

 dow. When the counter sees only the activated lanthanum the count rate
v %
is A . Likewise when the counter does not see ‘any activated lanthanum

the count rate is Abk If the activated;lanthanum fills a fraction'x/W'

of_the.window width the count rate:due to'the activated lanthanum will be

: A‘f (A -Abkg v Abkg o '*l . (L
for:a‘flat interface. Ihe count rate will be A* when”the counter only.
sees thedactivatedvlanthanum which occure when the lanthanum interface is
.half a window width from the center of the window. -Ihuevfor a lanthanum

length L

fvib = Lew . ,i ' l. v_d "}fi. ‘ :a“; | (2)
,-where'b ie‘the distance a count rate‘of A* iaimeaeured ' LikewiSe thed
' count rate will be Abk' when the counter does not see. any activated lantha—
num which occurs half a window width from the center of the window, or
=L+w - I v _ .(3)
_where a is the distance that the count rate greater than Abk is measured
Solving Eqs. (2) and (3), | |
\i_L,ﬁ i’(a+b) - |
L (4)
W= 5-(a—b)r
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vThe”count rate_aé given by Eq. (1) varies liﬁeariy withbthe fraction
of the windoﬁ filled by activated lanthanum. Thdé the distances é and b
can be determined by extrapolation of straight lines drawnyfhrough the
count rate points adjacent to the activated lanthanumvto the '"background"

count rate and to the maximum average count rate plateau.
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APPENDIX X

Derivation of the ScatteringgCorrection

_ To estimate the effect of scattering on the measured count rates,

consider . a rod of activated material with radius a, length L whose inter-'
face 1is located a distance RS from the axis of the counting slit of width

w as shown in Fig 50 The flux from an element dy of the activated rod

a distance y above the interface is given by

o THX “LY : '“Ly : ,
@ =e j (ons” "Y’ I Py g
. S 41[(x+ y) (x+y) '
.;'whefe P SRS is the fraction of photons in the solid angle
IR dr(x+y).

'subtended by a unit area at position X
' df S ﬂazdy is7the’number'of photons per‘unit time emitted by the.
| slice o | | |
}efnﬁxs ef“LY are the amount of attenuation due to absorption in
the uranium and lanthanum respectively
S is sourceistrength, counts/sec-cm3

g u;is the attenuation coefficient‘(in lanthanum or uraniom);; a

Nowvneglecting self absorption infthe'source (efuLy’ﬁll).and_integratingf' S

- TR A _ U o
I(x) = R S o - o

4m x(x+ L)
.where.Q =raLs 1is thegtotal-activity'of the soufce. The average flux

, }over-the‘slit vidth at ‘the position of'the'slit,is'

x+ (1/2)w | xHL/2Dw
I T I A

'x - @/2w . x=(1/2)w
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. Fig. 50. Model used to compute scattering effect on
geometrical counting resolution.
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. r
Set e Fu¥ constant . = e~uQx,
_ UuX e (llg)w Cdx' S ‘
I.(x T N ’ ) (4)
. (1/2)w , o
Now |
| S 1 ..\ 1 | -
o aThgX x-sw+L X+ow - -
CIX) = SL:i———— n 2 2 : ' - (5)
o 4mwLl 1 1 R o :
i x+§w+L x-Ew _ o

Now if a is 'the fraction of the 1.6 MeV photon flux at the window _which

. 1is scattered along the slit and detected, then

o | - x --:Lw+L +_l_w v S -
. _ aQge”"u¥ ) 72 L
A (%) = © fn _ 6)
8 4wl _ 1l . 1
_ xv+-2— w+L X-5W - 3

- where A (x) is the count rate due to scattering for distance X. from the
interface (x > lﬂl) and B is a constant which converts flux at the
detector_to count rate. If the lanthanum source_fills the window, a

. * _’ .
count rate A 1is measured where

 where 'f is the fraction of the total activity of a rod of length L

measured through a width w. Then

1. 1.9 I
As(x) L THE x-Fwtly/x+7w _ , :
= =—> e 2n 1 1 4 (7
A B W x+7w+L x_-i-w

where k' = a/4m 1s a constant of the detection system,

A




‘by:
n .
2 Ty [A(’-‘i)“‘nkg |
w € A
k''=— E : (8)
n x'-lw+L X +£w
' i=1 ) i 2 i 2
- L1 1
xi+§Q+L xi—fw

where n is the number of positions counted in the p;emelt'profilea'
A comparison of the calculated scattering correction factor with
the measured values of the net count rate normalized to the maximum

count rate for the prediffusion data.of runs 1 through 5 are shown in

‘Appendices I through V, respectively.
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APPENDIX XTI

Effect of the Use of a Window with Non Zero Width

to Determine the Concentration in a Medium of a Solute

with Complementary Error Function Distribution

';Assume_the distribution of a solute in a medium is given by

e f( ; ) S (1)
.. 0 :ZJEE S g ; .'1' , :

 with b the diffusion coefficient t ‘the diffusion. time C the concentra—'

' tion of the solute at. dlstance X from the 1ntertace and C the interface
concentration assumed invarlent with time. .For an element.of width w
centered around x the average concentration of the solute is-

.x+f

. N
= =2 | erfe (21 ax! o 2).
o v x-H-h 2VDt . '

'Rearranging,.equation:(2) can be written as

B P(n+1) . N B o
72: = 5p - erfe(u)du : R B 'l-(3)
P(n-1)
where
P = .fz~' and n=22Z%
4YDt v

‘The correction factor for using a non zero window to determine the
concentration of the solute at a point in the medium is, for

P(n—l) =0
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- C - ‘
F = c_. ¢ . *2' - .erfc(Pn) | . | - %)
- - P(n+l) v :
C C C 1
o P j‘ erfc(u)du
P(n-1)

Using the error function relatioﬁships found in the Appendix of Carslaw

2

. i ' :
and Jaeger,’o or in AMS 55,1 the denominator of equation (4) can be

written as

E% f erfc(u)du = ——}_ [e'[PQ\—l)] _ e_—[P(n+1)] ]
P(n-1) ' 2PV

+ <f_1.'é"}.> erfc [P(n+l)] - (D—%-l-> erfc [P(n—l)]

Combining equations (4) and (5) the éorreétidh“factor_F is shown
as a{fdnctibn of n for several values of P in Fig. 51, and as a function
~of P for-sevéral values of n in Fig. 52.

These curves can be used to correct data for a given experiment,‘or,
perhaps even better, they can be used to design a more meaningful
diffusion experiment. For an experiment checking for an expected order
of magnitude diffusion coefficient, the element 1ength and test time can
be varied so that

w
P= ——
2(Dt)1/2
‘Can:be made émall so. the measuring précision which determines the
maximum product Pn will give an arbitfafily small-error from the element

length effect at the maximum Pn.
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f 'Fig.VSlJ Correction factor for use of a non zero width window to find

the concentration of a solute at a point on a medium where the con-
centration is a complementary error function distribution.
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Fig. 52. Correction factor for use of a non zero width window to
find the concentration of a solute at-a point in a medium where
the concentration is a complementary error function distribution.
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APPENDIX XII

An Estimate of the Gap Size, Vertical Flow and Diffusion of

Lanthanum at the Uranium-Beryllia Crucible Interface

During Start-Up and the Diffusion Run

A. Gap Size Estimate and Effect on Measured Saturation -

Concentration of Lanthanum in Molten Uranium .

Assume that during cooling of the pre-diffusion melt the beryllia
crucible has cooled to room temperature while the uranium remains com-
pletely moiten. Upon solidification the change in volume of the uranium

relative to its volume as a liquid at the melting point is

[ ' :
L 28 . &% : y .
v o, T - (1

- where % and r are the dimension of the liquid urénium melt and Py, and
pg are the densities of the liquid and solid uranium respectively. As-
suming the change in uranium volume during solidification and cool-down

as isotropic such that

sr _ o2
r L
then the gap between the ingot of solid dranium and the beryllia crucible
is given by
5r=£(l'—-ﬂ-I:‘-) o 2) -
3\ o : o
The maximum gap will occur if the crucible temperature increases sudden-

ly to 1200°C from 20°C during the diffusion melt‘étart-up, while the

uranium ingot remains at room temperature. This gap is
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)32 o,

where obT is the linear expansion of the beryllia;

The density 6f»liQuidvuranium is cited by Finucane as

o = 19.083 - 16.01 x 107* 1

‘where p is in grams per cubic centimeter and T is in degrees C. For

‘liqu1d uranium at the melting point (1132°C), p = 17 27 g/cc and for

solid uranium at 20 C, p.= 19.06 g/ce. 'Lillie27 cites the linear
expansion of beryllia as 1i;3 x 104 microunits per unit at 1200°C. Thus
the maximum possible rsdial'gap between the 3.18 millimeter inner

diameter of the beryllia crucible and the uranium ingot is

ér ='0.068 millimeter
~ If we assume the gap is filled with>lanthanum, then the counting

apparatusewill count the lanthanum in solution in tne uranium plus the

" activated lanthanum in the gap. Thus the measured activity is

A =A" =& +A - v S (4

where A is the activity of the lanthanum in the saturated solution, and
A -is the act1v1ty of the pure lanthanum, and d is the ‘diameter of the

uranium 1ngot. Rewriting,

P S +p or . v -
+1= -2 L. 41 (5)

Sr A
= , » <
A 0,S
o . .

A
B L
A

o
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where pu.and'pL are the densities of the uranium andrlanthanum respec-
tively, and S is the solubility limit of lanthanum in uranium expressed
as a weight fraction. For the maximum gap described above, with ‘

- 0.0081 as given by Haefling and ﬁaane,_and the'densityfof 6.19 and

19.06 grams per -cubic centimeter for lanthanum and uranium respectively,

>

— = 1.88

.o£>

Thus the measured saturated concentration of 1anthanum in uranium will

be less than twice as high than the actual saturated concentration.

B. Vertical Flow Estimate of Lanthanum Submerged in Molten Uranium

Nou assuming there is a gap effect, an estimate;of the time required
for the low density lanthanun to rise to the surface-of the high density
'uranium is in order. Assume that the lanthanum behavesvas a solid sphere
vin an 1nf1nite ~high density medium Note this assumption ignores
' boundary layer effects of the lanthanum against the crucible and viscosity
,‘effects_in the lanthanum sphere;: These effects may have a large effect
~on the real time for the lanthanum to rise to the surface. Also_assume
.the lanthanum does not diffuse into the uranium while it is rising to the
| surface, or react with the beryllia crucible. The effect of diffusion.
into the uranium or the crucible will tend to increase.an apparentvdif-
fusion coefficient. | |

The_force balance on thellow derisity sphere is

»

p.r>. 2 : %0 2 . '
o dx L3, 3¢ - U<d_x) (6)
g dt2 U 4 D 2g dt
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where CD-ié the drag coefficient of the sphere through the dense fluid,
r is the radius of the sphere, °L is thevdensity of the sphere, and oy

is the density of the fluid. For small Reynolds nﬁmbers, Re < 1

v . 2rp -1 '
_ 26 v | dx
CD = Re 24 ( e ac ) 7 (7)

where My is‘the viscosity of the dense fluid. Thus the force balance can

be written as

‘ d2x 9 g pu Mu ) dx _ Pu .
2 T TG\ N ) TEE ) ®
dt T L/\'u L)

The sQlﬁtion.to the.fofce balance can be written as.
o p . P H :
x(t) = C1 +-§— —= rzt + C, exp| - 9(—2)(—3—)%] (9)
. B Hu < PL/\Pu/r
For the initial conditions that x(0) x(0) = 0, the above equation
2 ' ‘ o
_ 4r4 PaX/PL\) o/ PuYru gt
@ =gl Neo N2\s ke )2 -1
L & u u L/N'u/r .
YAV, | '
+ exp | - %‘ 1= .gg ’ R (10)
oL A Y ¢ _ .

The above equation can be used to estimate the time required for lantha-

becomes’

num in the gap at the bottom of the crucible to rise a distance x from
the bottom for a given melt temperature. The velocity and the Reynolds

number of the sphere are respectively

. 2 2 pu- 9 pu ul gt
x(t) == 1" f— {1l ~exp |- —k— _ - (1)
? <“) [ Z(DLX:u> 'rz]



-110-

sef| |
1l o
r S _ _

the Reynoids numﬁ%f and the distance moved by the lanthanum as a function

of time éan’be-approximated with less than 5% error by o
; 4r4 90‘2 L\ 9 /PuYHu gt . ' : '
-x(t) = v el 1 vl § e 5 )2 -1 _ (13)
g u u L ufr

-4 R ' ,
Re =35 ( ») ) | (14)

At 1200°C thé_fdllowing properties will'be'assuméd: o

e

o .
it

u l7.2?vg/cc
Wy = 0.09 g/cm-sec
o. = (6.24'-2.37x10"%T) * 0.01, T in °K,23’f

5.89 g/cc -

‘-For a maximum radius of 0.0034 centimeters, the above app;oximation
are appropriate'for‘times greater than 5 x 10_7 seconds. The Reynolds

number is a maximum for the maximum lanthanum particle size, so that

1

Re < 4.4 x 10°

so that the movement of the lanthanum is within the Stoke's flow regime.




4
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| o =5 o
For times greater than 2 x 10 ~ seconds the distance the lanthanum

rises is, within an error of less than 1%

. . N |
x(t) = _;_(_g)th =.42.6 rzt ' (15)
- uvu T
. s p : . . o v
x(t) = é(_}l)rZ = 42,06 r2 _— : © (16)
. b

C. Radlal Diffusion of Lanthanum in the Uranium—Be:yllla

| Gap into the Molten Uranium Ingot

Consider the effect of diffusion from a gap filled with lanthanum
surrounding an initially lanthanum free uranium ingot. For an infinitely

long cylinder with no axial gradient the diffusion equation is

e |1 3 ac | B
at-D—-——(r-a—r | o oan
Assuming that initially there is no lanthanum in the uranium and that the

concentration of lanthanum at the surface remains constant at the satura-

tion concentration of lanthanum in uranium, the initial and boundary

conditions can be written as

t
(]

C(r,0) =
(18)

1
O

C(a,t) =

where CO is the saturated concentration and a is the radius of the ingot.
From Carsliaw and Jacvger, the concentration of lanthanum in the uranium

as- a function of time'and‘position is given by

o -8 T3 (x8 /a) : 1
C(r,t) _ ., _ 5 :
et .2§:e = e R (9

n=1
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where B,, n =1,2,--+ are rpets of

Jh(85v=v0 IR J,.*7' e

J (x) J (x) are the zeroth and flrst order of the Bessel function of the .

' first kind. Note that T is a dimensionless tlme_defined as

Dt
aZ

m
4

where D is the diffusion coeffieient of lanthanum in molten uranium. . The

average concentration of lanthanum in the molten uranium can be found

frdm . _
_C((:L)_ ?,Lz .r_C_(r,_t)_ e ey
So that . - o : _ s'_ : |
SRR T o @)
C. 52 T _ resl
L ° ~ m=l - B o o

Ca*slaw and Jaeger have curves of the average and center concentra-
tions as a functlon of the dimensionless time T. For example, for an’
average concentration of 0.5, the dimensionless. time is 0.06 and the
~ center cbncentratiqn is 0}03, i.e.

KO g5, S0 03, BE 506

C : - C 2 -

o o _ a
© Thus for a 0.318 centlmeter diameter uranium ingot the time required to

achieve an average concentration of lanthanum in the molten uranium of

507 of the saturation concentration is




seconds . 3.  v (23)

For a.diffusion coefficient of between 10-'7 centimeter squared per
- second and,lO_a centimeters squared per second the time required for a

50% average saturated concentration is between roughly 15 seconds and

4 hours.
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- APPENDIX XIII

' Thermodynamic Stability of Lanthanum Dissolved
- In Uranium In‘a BerylliaUCrucible at 1200°C -

Theifqrmation reactions of lanthana and beryllia are

L S |

3 La(s) + Oz(g) = 3_La203(s) L : v{'k ,.v' (1)

2 Be(s) +0,(g) = 2 BeO(s) o I (2)
with AG;'énd AGg the standard free energy change Of'lanﬁhaha.andvberyllia

respectively. Subtracting Eq. (2) from Eq. (1)
3 3
‘with the standard frée energy change
o .o .0

AGy = AGl - 86,

" The equilibrium constant for the reaction

%—La(liq.vsolfn) + 2 BeQ(s)'='§-La203(é) + 2 Be(liq. sol'n) (4)
is :d

'Kj=-e
: Cpnsiaéf é solutibn‘initiélly containinglankétéﬁ fra?tidntxzé :
. of lanthaﬁum dissolved in uranipm.l:quﬁ'Eq. (3}; for ever? gram atom .
'bfklanﬁﬁanum;reﬁoved‘ffoﬁ the solucion; 1.5 gram atoms of'béryllium are
p;oduced. Theréfdre if.xLa ’

the solution; then -
*Be A2_xLa‘3 XLa _

is the final concentration of.beryllium'in the solution.

2 La(;) + 2:Be0(é)‘=-g La203(s)'+'2 Bets). :f}_ ' o @3)

is the final concentration of lanthanum in .

e e
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The equilibrium concentration of the various species when the
lanthanum and beryllium are in solution is determined by the law of

mass action for reaction (4).
-2 2/3
aBe aLaZO3

473 2
41a 2Be0

K=

where a, is the activity of component i. ' For an activity coefficient

\f such that

where'xi‘is the atom fraction of component i,

3/2 3/2 3/2
K3/4_= 2Be . _Be xBa-‘
éLa YLa xLa

" assuming the betyllia and the lanthana>are immiscible in the solution

~ and in each other such that’

273
. Thus _
| 3/2, 0 3/2
"La k3/4 N 15770 % )
3/2 o
Yge “La
_1e3/2, 0 (1/2 (1-f)
= 1.5 (ﬁa) —
where % o : ~
f= —65 = fraction of lanthanum remaining.
*La

Thus
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' ,(iaf)3/2

_ . 1 ’ YLa K3/4 B
f T 3/2 1/2 3/2  ®
LT ) YBeO =

The activity of the lanthanum in the uranium is the same as the

'“ﬂactivity-of the,lanthanUm in the lanthanum, i.e.,

RO
La 4 T 1,* Ypa®La

'where X1a 1s ‘the solubility-of lantﬁanum in uranidﬁlllFréﬁ Haefling
~and Daane the solubility of lanthanum in uranium at 1200° C is 0. 81 wt. Z
or an atom fraction of 0. 0139 Thus

Y —_— =172
-L?" *La

Likewise for the atom fraction solubility of beryllium in uranium of

0.05 as cited in Hansen and. Anderko, 29

. Thus, .
3/2

Qa-f)”

34
3 o

= 3.73K

y

From Darras'ahd Loriers,30'with

=2 3'kca1/mole.

.0 SR : o : S -
AG, = 2. o I o E i

at 1200°C, the equilibrium ¢onstant for Eq. (3) becomes
= 0.456
3/2

C @

- 2.1

" Thus the'fractipn of lanthanum‘remaining‘in'solution'in the uranium at

._'1200°C is 0.29 of the initial amount of lanthanum in solution.
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Since AGg'is positivé,.which implies that work bust_be done on thé
system for the reaction described by Eq. (3) to take place, the reaction
may not take_place; However, if the reaction does take place the lantha-

num is not stable in solution in uranium contained in beryllia crucible

at 1200°C, and the diffusion coefficient of lanthanum in molten uranium

vvméasured'experimentally using beryllia crucibles ‘is less than the true

diffusion coefficient. Also the measured solubility of lanthanum in
uranium at 1200°C measured using.counting of the acfivity of activated

lanthanum may be greater thénbthe true solubility.
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"APPENDIX XIV

An Estimation of the Diffusion and Concentration

Of Lanthanum Dissolved in Liquid Uranium

Into _and Reacting with a Beryllia Crdcible:
: COneidgrjghe uréniumrlanthanum solution just helow the lanthanum
uranium interface where the lanthanum concentraticc is maintained at
an atom fraction of 0.0139 by the presence of the'licuid lanthanum
above the interface. ASsume that at this pcsiticn the_icper sutfacevis_
converted completely to lanthaha.by the reaccion->

_-% La (sol'n) + 2 BeO(s)'= % La 0] (s) + Z'Be (sol'n)’ 

Since the den81ty of. lanthana is 6.51 grams per cubic centimeter, and its
molecular weight is 326, the concentration of the 1anthanum in the ceramic
at the uranium-beryllia interface is

o _ 2x6.51 gram atoms La
€L = 326 = 0. 04 cc La,0 3

Assume that during the diffusioh run the lahthanum diffuses into
the beryllia. Assuming that the’penetration distance of the lanthanum
into the-beryllia crucible is small compared to the inner radius cf the

_crucible; the lanthanum concentration profile in the beryllia is

approximately
c . (y) o
L%— = erfe| —L—
CLa ) : ‘2/51?:

where Dt'is the diffusion coefficient of lanthanum ions in the berylliaQ

lanthana solid éolﬁtion.

F W
1




B
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Now-COnsider a unit height of the beryllia crﬁcible justvbelow
the 1anthahum-uranium interfa¢e. At time t after_diffusion starts the

total amount of lanthanum in the beryllia is given by
o e
(2na) ZVDLt Cla erfc(u)@y_

lageg = (21) | G ey

o

o T
t : s .
4ma VDL .CLavierfc (Q)

‘45 vaD. t c°
L. "La

‘from Appendix XI, where‘avis'the cruéible_innef radius.

" "Since the lanthanum concentration in the urahium just below the

lanthanum~uranium interface is at the saturation value XLa for all time,

the total lanthanum per -unit height in the uranium is given by

Py

La, = = o
“y T 238 MLa"®

.-ThusbtheAratio-of lanthanuﬁvin thebberyllia to that in the uranium at

the lanthanum-uranium interface is

LaBeO.'_

LaU. - o Pu*La ﬁazb

I
Pl
X
o ¢
W
)

, For:pu =19, ¢® = 0.04 and x = 0.0139,

La -~

Now asSuminé'the diffusion.coéfficient of lanthanum into thé.

b,beryllia at 1200°C ié_éf'the same order as that.given by Condits and

Hashimoto31 for beryllihm diffusing into beryllié; then
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DL “'10_;2 cmz/sec ’

The inner radius of the beryllia crucible is toughly'0.16 éentimeters;

For a diffusion time of 16 hours (5.8 x 104 seconds) ,

Lageo

.LaU ‘~_0.12
~ The ﬁehetration dépthvof the lahthanum in beryllia can.be-defined
as the diétance which contains 99.999% of thgilanthahum'in the beryllia.

‘This distance occurs when"

- Yp

2VDLt

= 2,92

’ Thus,ifor the diffﬁéion runs the penetration depth isvroughly 14 microns,

which is small compared‘tb the inner radius of the beryllia crucible.
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